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TESTS 0? A G-UST -ALLEVIATING- T7IITG- IN THE GUST TUNNEL 
By 0. C. Shuf f le barker 

SUMMARY 



Test? were made in the NACA ~'ust tunnel to determine 
the effectiveness of a fcorsionally flexible wing %Hh the 
torsion axis ahead of the locus of the section aerody- 
namic centers in reducing airplane accelerations due to 
atmospheric ^ists. ?or three gust shapes, a series of 
flights was mc.de with the airplane model equipped with ei- 
ther a torsi-oaally flexible or a ri~id win?* 

The results indicated that the torsionall,y flexible 
Wing reduced the maximum acceleration increment 5 percent 
for the sharp-ed^e ^ust and about 17 percent for °-;ust 
shapes with gradient distances of 6*8 and 15 chord lengths 
The analysis indicated that the effectiveness of this meth 
od of ^ust alleviation was independent of the ^ust veloc- 
ity and that, for the sare total load increment, the tor- 
sioiially flexible wins would have 1C percent less Vending- 
nonent increment at the root section of the win 0 ; than a 
rigid wins; in all but the sharpest ^usts. The results 
also indicated that the fcorsionally flexible wing slightly 
increased the longitudinal stability of the airplane mod- 
el in a gust, 

INTRODUCTION 



Two devices that depend, upon the tise of a trailing- 
ed^e flap for alleviating the loads on airplanes due to 
^usts have been tested. One device (reference l) depends 
upon the vertical displacement of the airplane to operate 
the flap; the other device (reference 2) depends upon an 
auxiliary airfoil tc operate the flap. Both these devices 
are of a mechanical nature and are therefore not so relia- 
ble as a method that makes use of the inherent clastic 
properties of the airplane structure. A method that makes 
use of the inherent elastic properties of the win-s for the 
alleviation of - : ;ust lo-.ds results when the torsion axis of 
a r*i ng of low torsional rigidity is located ahead of the 
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locus of the section ae ro dyn ami C centers. In this arrange 
meat increasing loads on the vriug ca"o.se increasing washout 
Trhich reduces the total load on the win? and the oendin^ 
moment at the v/in^ root. An advantage of this method over 
the method tested in reference 1 is that the functioning 
of the arrangement is dependent upon the load on the rin-, 
instead of the displacement of the airplane, which may he 
small -:hen the load is hi^h. The practical application of 
such a method would involve questions of reversal of con- 
trol and flutter with conventional ailerons; consideration 
of these points indicates that some form of leading— ed?e 
lateral control will "be necessary. 

Then the present investigation was undertaken, tests 
of a promising leadin^-eds e lateral-control system were 
being made* Inasmuch as this control did not meet expec- 
tations, the use of the method of ^ust alleviation report- 
ed herein must await the development of a satisfactory 
lateral-control system. Even if this difficulty were over 
come by the development of a satisfactory lateral-control 
system, however, present design trends tend to make this 
system impracticable. 

This paper presents the results of tests of an air- 
plane model equipped with a win% in which the alleviation 
of sjust loads was obtained by torsional deflection. The 
tests were made with three ^ust shapes in the 1TACA gugt 
tunnel during the summer of 1939. 



APPARATUS AIT 3) TESTS 

The ^ust tunnel and the auxiliary eqiiipment have been 
described in reference 3. The ejust shapes used during the 
investigation are shown in figure 1. 

The pertinent characteristics of the airplane model 
(fifiJS. 2 and o) that was used in the tests are ^iven in 
table I. T7hen the model was flown, it was equipped with 
either of two vin^s. One vin% was of low torsional rigid- 
ity (flexible n±K% ) and the torsion axis was located at 10 
percent of the chord. The other win^ was like the first 
one except that it had a higher torsional rigidity (ri-?id 
wins;) and its torsion axis was located at approximately 
25 percent of the chord. Both win^s were covered with 
thin sheet rubber ? the purpose of which wr s to obtain low 
torsional rigidity with one win-? and to have comparable 
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surfaces on the two wings . Details of the structure of 
the flexible wing are shown in figure 4. The leading ed%e 
of the y:ilig was cut in the chord direction at frequest 
stations and was "braced in the drag direction by struts 
with "ball— and-so cket joints at each end. 

The twist curve for the fiexihie wing under a load- 
factor increment of 1.0 is shown in figure 5. This curve 
was obtained "by distributing the load along the 25-percent— 
chord points in sue:: a manner as to take into account the 
effect of the twist and the trim? mass on the span loading . 
A similar curve is not ^iven for the rigid win-:; because, 
under normal loadings, the ri^id wing was found to have 
negligible twist. 

The measured fundamental period of the flexible wing 
in torsion is listed in table I. Similar measurements are 
given for the ri^id wing. 

Because all computations were "based on a tiring rigid 
in "bending , the flexible win<^ was made as rigid in lending 
as feasihle. In order to obtain a measure of the wing 
rigidity, the static-win^; deflection curves and the natural 
periods of the two win^s in bonding were experimentally de- 
termined. The natural periods of the win^s in bending are 
given in table I and the stationing deflection curves in 
"bending for a load factor of 1.0 (loading proportional to 
the chord) are shown in figure 6. 

In addition to the usual measurements of pitch, accol— 
eration increment, and speed, the vertical displacements of 
two stations along the chord of the wing tip were recorded 
during passage through the ^ust . This measurement was 
made by recording the vertical displacements of two small 
lamps, mount ed . fo rvard and rearward alon^ the chord of the 
wing tip, on the acceieromet or film as shown in figure 7. 
Any movement of one lamp relative to the other lamp served 
as a direct measurement of the wing twist. Cwin^ to the 
method of recording the motion, the record, of the tip mo- 
tion A shown in figure 8 is offset on the film from the 
acceleration record 3. 

Int erf erence of the diagonal drag braces with the 
wing ribs under load increments greater than 1.25^ required 
a restriction of the :;ust velocities used in the tunnel to 
values that save increments less than the fcre^oin^ value. 



The test procedure consisted in flying the model, 
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equipped with either the flexible or the ri^ia win-?, over 
the °;ust tunnel under similar conditions. The tests were 
made for ?ust-?radi eat distances of 1. 5.3. and 15 chord 
lengths, one noninal forward velocity, and one value of 
the win? loading. The velocities and the win? loading 
used are included in table I; the gust shapes are shown in 
figure 1. Five or nore flights were made for each condi- 
tion to obtain mean values of the acceleration increment. 



RESULTS 



The records obtained during the tests were evaluated 
to ?ive histories of events during entry into and trav- 
erse of the ?ust . Sample histories of uncorrected re- 
sults for repeat flights for each of the test conditions 
are shown in figures 9, 10, and 11* 

The maximum acceleration increment for each run was 
corrected to a forward velocity cf 50 feet per second and 
to a ^ust velocity of 6.0 feet per second. This correc- 
tion was nade on the assumption that the acceleration in- 
crement varied directly with the ?ust velocity and the 
forward speed. (Experimental verification of this assump- 
tion is shown in reference 3.) The actual ?us~ velocities 
used for each ?ust-?radi or. t distance are included in table 
I. The corrected acceleration increments are shown in 
figure 12 for both the flexible-win? and the ri?id-win? 
models as a function of the ?ust-?radi ent distance. 

The vrin? effectiveness, defined as the percentage re- 
duction in acceleration increment due to the win? flexibil- 
ity, was computed for each -gust-gradient distance from the 
data of figure 12 and is shown in figure 13. 



PHECISIOK 



The measured quantities for any run are estimated to 
be accurate within the following limits: 

Acceleration increment ~ ~ - ~. - - ; - ±0*1 



±1 # 0 foot per second 
±0.1 foot per second 
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Pi t ch-ansjle increment - -- -- -- -- -- --±0.2° 

Twist of win? tip - -- -- -- -- -- -- -- ±0,2° 

In addition to direct errors of measurement , there 
exist indirect errors resulting from oscillations of the 
airplane model after it left the catapult. In the dis- 
cussion of reference 4 it is indicated that these errors 
have a iie^li %± bl e effect on the acceleration increment al- 
though they may have a lar-;e effect on the measured pitch 
displacement of the model in a lQ&% gradient gust « 

An approximate calculation "based on the natural peri- 
od in bending (table I) and the winf~def lection curves of 
figure 6, indicated an error in acceleration increment of 
not more than 1.5 percent due to the flexibility of the 
wings in bending* Shis error is felt to be well within 
the accuracy of the other measurements. 

The effectiveness of the flexible wing in reducing, 
the maximum acceleration increment, as determined from the 
test results, is estimated to be accurate within ±0.04g. 



D X S QU S S X 0 13 



As s&own by the an?le-of — pit ch curves in the sample 
time histories (fi-^s. 9, 10, and 11 } the flexible win£ had 
a sma.ll but favorable effect on the longitudinal stability 
in a ^ust . Calculations made in a manner similar to those 
of reference 4, but which included the effect of downwash , 
also bore out this trend toward increased stability. 

The results of figure 13 indicate that the allevia- 
tion of the %"uist load by this method amounts to approxi- 
mately 17 percent in the case of the longer -;'ust-sradi ont 
distances; whereas, for the shortest one tested, the alle- 
viation is only 5 percent. The smaller reduction in the 
case of the shortest gradient distance is primarily due 
to the fact that the time of appli cat ion of the load was 
such that the win^ twist was not directly proportional to 
the .acceleration. (For example, in fi^. 9, when acceler- 
ation has reached 50 percent of its maximum value, the 
win-2; twist is only 27 percent of its maximum.) Rou^h cal- 
culations indicate that, in order for the win? twist to 
be directly proportional to the applied load, the time of 
application, of the load increment, from zero to maximum 
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(0.03 to 0.14 sec for gust shapes used), r.ust be greater 
than the natural torsional period of the wing (table I, 
0.0552 sec). In the present case this condition would he 
fulfilled for gust -gradient distances greater than 6 chord 
lengths. Practically, the snail alleviation obtained in 
the shortest gradient gust is of snail consequence "because 
present knowledge indicates that gusts of snail gradient 
distances are of snail intensity. 

Calculations nade according to the method outlined in 
the appendix indicated that, for the ideal case where the 
wing twist is proportional to the acceleration increment , 
the wing effectiveness in alleviating the loads due to 
gusts would decrease slightly with an increase in the gra- 
dient distance and would he independent of the gust veloc- 
ity. The solid line of figure 13 gives the results of the 
computations for this case. As previously pointed out, 
however, the lag of the wing altered the response of the 
systen in the shortest gust-gradient distances so that 
the results given "by the dashed line of figure 13 are ap- 
plicable to the case tested when the wing lagged* It can 
he scon that the experimental points .are in fair agreement 
with these computations . 

In addition to reducing the total load, the flexible 
wing changes the span load distribution so that the "bend- 
ing moment at the wing root is less than that for a rigid 
wing with the sane total load increment. Computations 
indicated that , for the airplane nodel used with a wing 
twist equivalent to about 3" linear twist per unit load 
factor, the hen ding-nonent increment at the wing root 
would he reduced by approximat ely • 10 percent. This value 
applies only when the twist is proportional to the load 
i ncrement . 

As previously mentioned, the practical application 
of this nethod of gust alleviation to an airplane would 
raise many serious questions, the nost important of which 
would prohahly he questions of flutter and reversal of 
aileron control. It is well known that, with a wing of 
low torsional rigidity, the use of a flap control such as 
the conventional aileron nay cause a reversal of lateral 
control. 

A leading-edge lateral-control systen would reduce, 
if not eliminate, the twisting nonent due' to the lateral- 
control systen. Present design practices, such as the use 
of conventional high-lift devices and the location of en- 
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^ine nacelles, fuel tanks , and other equipment in the 
wings, would likewise make a higher torsional rigidity 
necessary and thereby reduce' the effectiveness of the win 1 ?. 
In the absence of a satisfactory leading-e&ge control and 
with present trends, it is felt that the method of allevi- 
ating fust loads by torsional deflection of the wing would 
not be a practicable one. 



C0NCLU3Ii:& REMARKS 



For the airplane model tested, the results indicated 
that the torsionally flexible wing reduced the maximum 
acceleration increment 5 percent for a sharp** edge ^ust and 
about 17 percent for -;ust shapes with gradient distances 
of 6.8 and 15 chord lengths. The analysis indicated that 
the small reduction of the acceleration increment in a 
sharp— edge ^ust was due to the. lagging of the acceleration 
by the wing twist and that the wing effectiveness was in- 
dependent of the gttst velocity. Computations also indi- 
cated that, for the same total load - increment , the torsion- 
ally flexible wing would have 10 percent less bonding- 
moment increment at the wing root section than a ri^id 
•win r ^ in all but the sharpest -usts. Both computation: and 
experiment indicated that the torsionally flexible win? 
slightly increased the longitudinal stability in a gust* 

In the absence of a satisfactory leading-ed^e control 
and with present trends, it is felt that the method of al- 
leviating gust loads by torsional deflection of the wing 
would be impracti cable • 



Langl ey Memo rial Aeronaut! cal Labo rat o ry , 

National Advisory Committee for Aeronautics, 
Langley Field, Va. , Llarch 5, 1941. 
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APPENDIX 

Computation of Win? Effectiveness 



The computations for the wing effectiveness were na.de 
with the following assumptions: 

1 # The acceleration increment is a linear function 
of the distance penetrated in a linear gradient gust. 

2. The twist of the win? at any station varies di- 
rectly with the acceleration increment of the airplane 
model . 

3. The pitch of the airplane model is ne^li^'i ole to 
peak acceleration. 



4. Whether the win? is flexible or ri^id, the maximum 
value of acceleration increment will occur at the same dis- 
tance from the start of the ^ust . (See equations (?) and 
(4) of reference 5.) 

5. The effect of the win^ twist can "be represented 
"by an equivalent change of an^le of attack of the win^. 



5, The model can "be considered as consisting of a 
wins; only, 

?• The win«2; is ri^id in "bending. 

The equation for /In, the maximum acceleration incre— 
m ent , i s then : 

r 1 

An = lEi Sj 1 / Ct ( _ s) flS dg 
da W 7 J L « 1 as 
o 

-OkHihi* rV (Sl , S ) s d S 

da 17 V 7 s x J L a 1 
o 

- --^ ~ / Cr s 3 - s x~ ds (!) 
da w / L a ds 

where 
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and 



An acceleration increment at the point of maximum 
gust velocity for a linear gradient c ;ust 

S wing area 

q dynamic pressure 

17 airplane weight 



dCr 

j_ 

da 



slope of wing lift curve per radian 
T forward velocity (assumed constant) 



c mean geometric chord cf wing 

U gust velocity at any point 

C L unsteady-lift, function for an airfoil penetrat- 

S ing a sharp-edge gust (reference 5) 

s distance airplane has penetrated into gust, 
chord lengths 



gradient distance, chord lengths 
C T unsteady-lift function for a sudden change of 



'a 



a 4 



angle of attack for infinite aspect ratio 

C T = 1 - — (derived from equation (la), 

L a 2 + s 

reference 7) 

effective change of angle of attack due to twist 
of wing 



Kg, K 2 , and K _ constants 
Subscript s : 

F flexible ring 
I rigid wing 
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The first two terns of equation (l) represent those 
of equation (l) of reference 1, the first tern "bein^ iden- 
tical and the second tern bein^ derived by substituting 
for K, and An(s) their values c/V and s, respec- 

tivcly. These two terns represent the acceleration incre- 
nent for a nodel with a ri^id wing* For a particular case; 

&n E = Ln Q - K x An R 
An. 



An T 



o 

" K 1 + K x 



where An Q represents the first torn of equation (i) and 
K 1 Aiip the second torn with A.n replaced by An^. 

The third tern of equation (l) is easily solved if the 
win^ twist is assuned to "be directly proportional to the 
acceleration increment (assumption 2)« Then cx^ is pro- 
portional to An (assumption o) so that 

An dot Tr An 

ou = K P — s and - — = K fl — 

w s $4 - . Ac* 2s 



>1 



ds 2 s x 



Substitute in the third tern of equation (l) and perform 
the indicated operation. The third tern is equal to 
K 3 An for a particular case and 

An ? = An Q - K x An ? - K 3 An p 

o r 

An 7 = £ 

The win^ effectiveness is therefore equal to 



100 



An R / V 1 + K x + S 3 > 



When the period of the imposed acceleration (consid- 
ered here to bo twice the tine from zero to peak accel- 
eration) is less than twice the torsional period of the 
win^, the win^ twist will no longer be directly propor- 
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tional to the acceleration otri&g to la-? of the trin^ notion. 
Vixen assumption 2 did not hold (wing notion lagged the ac- 
celeration) and for the shorter ^ust -^radi ent distances 
rhere assumption 1 \:ac not true, the analysis vras r.ade as 
follows: 

1. The notion of the Tvin^ Tras computed for unit ac- 
celeration, the torsional frequency of the vrin^ and the 
frequency of the imposed acceleration (determined from as- 
sumption 4) oein^ taken into 'account. Methods of comput- 
ing the notion nay "be found in any ^ood textoook on vi- 
bration. For the case of the sharp-ed^e ^ust v/here as- 
sumption 1 does not hold, the shape of the acceleration 
curve ras represented "by 1-1 cos pt v:hore t is the 
time in seconds after the entry into the -Tust and p = 
4tt7 4- (distance to peak -acceleration )« 

2. The third term of equation (l) is solved graphic- 
ally as in reference 4 for the notion of the vrin*> for unit 
acceleration. Tine resulting value is equal to Z 2 and 

the win*; effectiveness is found as "before. 
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TABLE I 

Characteristics of Airplane Model 



Mo del 

With j With 
rigid i f 1 exi bl e 
wing ! wing 



4- 



Hypot het i cal 
airplane with 
flexible win-? 



Weight , pounds 

JFing area, square feet - - 

Wing loading, pounds per 

square foot - - • 

Span, feet -------- 

Mean geometric chord, feet 

Center of gravity, percent 
mean geometric 
chord - - - - - 

Fundamental wing period, 
seconds : 



1.55 



1-55 



1.71 1.71 



.91 



.91 



i 



Bending 
Tor si on 



3.05 i 3.05 

i 

.562 .562 



25 



25 



Moment of inertia, mky a , 
slug-f e e t 2 - - 

Oust velocity, feet per 
second : 

1 -^chord-length gust - - 

6 ^-chord-length gust - 

15-chord-*length gust - ~ 

Forward velocity, feet per 
second, ~ - - - ~ 



• 0217 
.0562 

.0115 



3.83 
4.. 33 
6.70 

! 6 0 . 0 



.0127 
(a) 

.0115 



3.91 
4.55 
7.06 

58.0 



21 ,400 



985 



21.8 
73.2 
13.5 

25 



.106 
.275 



91,500 



18.8 
21.2 

32 . 8 

294 



Approximately sane as value 



in bending. 
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Figs. 1,5,6 
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Horizontal distance from leading edge of gust tunnel, chord lengths. 



Figure 1.- Velocity distribution through jet. 
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Semi8pan, b/2 

Figure 5.- Wing-twist increment. Load-factor increment. 1,0; fleyible wing. 
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Figure 6.- Static-wing deflection curves. Load factor, 1.0 
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Figure 3.- Line drawing of airp/afte model* 
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Figs. 4, 7 
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Fig. 9 




0 4 8 12 0 4 8 12 

Horizontal distance from leading edge of gust tunnel, chord lengths 

(a) Rigid wing (t>) Flexible wing 

Figure 9,- Histories of events in a 1-chord-length gust(sharp edge). 
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Fig. 10 



(b) 




0 4 8 12 0 4 8 12 

Horizontal distance from leading edge of gust tunnel, chord lengths 



(a) Rigid wing (b) Flexible wing 



Figure 10.- Histories of events in a 6 .8-chord-length gust. 
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Figure IX.- Histories of events in a 15-c ho rd -length gust. 
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Figs. 12,13 
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(a) Flexible wing. 

Figure 12 



4 8 12 16 20 

Gradient distance, chord lengths 

(b) Rigid wing. 
Variation at acceleration increment with 
gradient distance, for Unaxav = fee ' fc 
per second and V = 60 feet per second. 
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Figure 13.- Variation of wing effectiveness with gradient distance. 



